Optical conductivity and band gap in the double-Weyl candidate SrSi,
at ambient pressure
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We probe the possible double-Weyl state in cubic SrSiz using optical spectroscopy. The complex

optical conductivity was measured in a frequency range from 70 cm ™! to 22 000 cm ™

Lat tempera-

tures down to 10 K at ambient pressure. The optical response of SrSiz can be well separated into
the intraband (free carriers) and interband contributions. Additionally, four infrared-active phonons
are detected. As follows from the optical spectra, the free-carrier density decreases with decreasing
temperature, consistent with an activation behaviour. Experimental interband conductivity juxta-
posed with ab initio calculations shows that conventional density-functional theory fails to describe
the electronic structure of SrSis in the vicinity of the Fermi level. A semi-local exchange-correlation
potential allows a much better agreement with the experiment, resulting in the trivial (gapped) band
structure of SrSiz. The direct gap estimated from the measurements is approximately 40 meV.

INTRODUCTION

The suggestion that one of the strontium-silicide com-
pounds — cubic SrSis — hosts exotic Weyl fermions with
a chiral charge of +2 [1] triggered extensive research ac-
tivities. In this Weyl-semimetal (WSM) state [2], char-
acterized by simultaneously broken inversion and mirror
symmetries, the Weyl nodes of opposite chiralities are
situated at different energies, leading to a number of un-
usual properties, e.g., the quantized circular photogal-
vanic effect [3]. Furthermore, the WSM state in SrSis
was suggested to be tuned by pressure or doping [4].

Experimental probes of the Fermi surface [5] and va-
lence states [6], however, raised doubts about the WSM
scenario and suggested that SrSi, may be a narrow-gap
semiconductor, as discussed for SrSiy decades ago [7].
Still, the size of its band gap has not been determined
spectroscopically. Ab initio calculations for SrSis pro-
duced ambiguous results, because details of band dis-
persions in the vicinity of the Fermi level and even the
nature of the ground state (WSM vs. trivial narrow-
gap semiconductor) strongly depend on the choice of the
exchange-correlation potential [5, 8]. Worth noting is
the recent prediction of topological phonons in structural
enantiomers of SrSis [9)].

In addition to the basic-physics interest, SrSis is also
attractive for applications and widely studied as a cost-
effective, abundant, and environmentally friendly ther-
moelectric material [10, 11]. Most recently, composite
films and nano-structured samples of SrSi; have been
shown to demonstrate enhanced thermometric proper-
ties [12-14].

In this paper, we report on measurements of frequency-
dependent conductivity, o(w) = 01(w) + io2(w), in nom-

inally undoped SrSis at ambient pressure. We find o(w)
to demonstrate the behaviour typical for a narrow-gap
semiconductor. The measured spectra are decomposed
into intra- and interband response and backed up by our
first-principles calculations that show a good agreement
with the experimental data when a semi-local exchange-
correlation potential is used.

Because of large penetration depths, optical (infrared)
spectroscopy is a genuine bulk-sensitive technique and is
widely used for probing various WSM states [15, 16] as
well as for determination of the band gaps in semicon-
ductors [17, 18]. Here, we provide a direct experimental
estimate of the band gap in SrSiy that can be used to
benchmark ab initio results for this material.

MATERIALS AND METHODS

Polycrystalline SrSis samples were prepared by Ar arc
melting of a mixture of Sr (Sigma Aldrich, 3N, in am-
pule) and Si (Furuuchi Chem. Co., 10 N). Table T lists
the molar ratio of Sr to Si in the starting materials
and the chemical compositions determined by the in-
ductively coupled plasma optical emission spectroscopy.
Figure 1(a) shows the powder x-ray diffraction (XRD)
patterns of the two studied samples. Both patterns are
consistent with the pattern simulated for SrSi; using its
crystallographic data. The lattice parameters obtained
from the experimental XRD patterns, shown in Table 1,
are well consistent with that previously reported in Ref. 7
(6.5362(3) A). To determine the lattice parameter, Si
640c (NIST) was used as an external standard mate-
rial. The chemical compositions and XRD patterns indi-
cate that the samples consist of single SrSis phase. Our



TABLE I. Parameters of the SrSiz samples used in the optical experiments.

Sr/Si molar ratio Chemical composition Lattice
in the starting material Sr (wt. %)‘ Si (wt. %)‘ Sr (at. %)‘ Si (at. %) parameter a (A)
Sample 1 1.06:2 61.8(1) 39.0(3) 33.7(1) 66.3(2) 6.537(1)
Sample 2 1.03:2 61.1(3) 39.5(1) 33.1(1) 66.8(1) 6.536(1)
measurements with a scanning electron microscope show
that the diameter of crystallites is in the order of 0.1 = grsi sl = ggzz:g; (a)
mm. The dc electrical resistivity, p(T'), demonstrates = 2 S Calculation
non-monotonic temperature dependence: the resistivity >
curves possess maxima at intermediate temperatures, as 2
shown in Fig. 1(b). The temperatures, at which the re- E s =
sistivity has a maximum are approximately 75 and 100 K = =
for the samples 1 and 2, respectively. This temperature A——
dependence of p is qualitatively consistent with previous 15 20 25
reports [7, 8], although the temperature, at which the re- 20 (°)
sistivity has a maximum, varies somewhat from sample 6
to sample. Ts (b)
Q Sample 1
9 4 Sample 2
=
Optical reflectivity measurements were conducted on = T

the samples with lateral dimensions of roughly 2 x 2
mm? with a shiny surface (Fig. 1(c)). The reflectivity
R(v) was measured at the temperatures from 10 to 295
K over a frequency range from v = w/(2mrc¢) = 70 to 22000
em~! (~ 8.7meV - 2.73 eV) using two Fourier-transform
spectrometers. The spectra in the far-infrared (70 — 700
cm™!) were recorded by a Bruker IFS 113v spectrom-
eter. Here, an in-situ gold evaporation technique was
utilized for reference measurements [19]. At frequencies
above 700 cm~!, a Bruker Hyperion microscope attached
to a Bruker Vertex 80v spectrometer was used. Freshly
evaporated aluminium mirrors served as references in this
setup. The complex optical conductivity was obtained
from R(v) using Kramers-Kronig transformations [18].
High-frequency extrapolations were made utilizing the x-
ray atomic scattering functions [20]. At low frequencies,
we used the Hagen-Ruben model for the extrapolations.

Density-functional-theory (DFT) band-structure cal-
culations were performed in the Wien2K code [21, 22] us-
ing experimental atomic positions [23], whereas the cubic
lattice parameter was varied as explained in the follow-
ing. We utilized two standard DFT functionals, the local
density approximation (LDA) by Perdew and Wang [24]
and the generalized gradient approximation by Perdew,
Burke, and Ernzerhof (PBE) [25], as well as the semi-
local modified Becke-Johnson (mBJ) functional [26] opti-
mized for reproducing band gaps in semiconductors [27].
Relativistic calculations were performed on the dense and
well-converged 48 x 48 x 48 k-mesh. Optical conductivity
was obtained by the internal routine of Wien2K [28].
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FIG. 1. (a) Powder XRD patterns of the studied SrSis sam-
ples, (b) their temperature-dependent dc resistivity, and (c)
a photograph of one of the samples featuring the surface used
for the reflectivity measurements.

RESULTS AND DISCUSSION

Figure 2 displays an overview of our optical results.
Panels (a) and (b) demonstrate the raw reflectivity for
both samples, while in panels (¢) and (d) the real part
of the optical conductivity is shown. The results for
all investigated temperatures are presented. The follow-
ing conclusions can be immediately drawn by looking at
these pictures: (i) both samples demonstrate very simi-
lar optical responses; (ii) the material possess free carri-
ers — the intraband (Drude) respounse is clearly seen in R
and o7; (iii) this response can be clearly separated from
the interband absorption setting up at roughly 100 — 300
em™!, signaling a possible gap in this range; (iv) the
interband response is almost temperature independent;
(v) the plasma edge of free carriers (the drop in R(v))
shifts to lower frequencies as T goes down, consistent
with a temperature-activated behaviour; (vi) the inten-
sity (the spectral weight) of the Drude mode decreases
with decreasing T', in agreement with the plasma-edge
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FIG. 2. (a, b) Reflectivity and (c, d) the real part of optical
conductivity for samples 1 (left-hand panels) and 2 (right-
hand panels).

evolution; (vii) the low-frequency respounse is affected by
four intense phonons, whose positions remain almost per-
fectly temperature independent, see Table II. Hereafter,
we focus on the electronic response.

We first performed a common Drude-Lorentz fit of the
spectra [18]. To increase the fit accuracy, we fitted simul-
taneously three spectra for each temperature (and each
sample) — R(v), 01(v), and o3(v). Further, we calculated
the SrSi, band structure using three different approaches,
as explained above. The obtained band structures are
presented in Fig. 3. The important difference between
the band structures is that the ones displayed in the up-
per panel (LDA and PBE) predict band crossings and
Weyl nodes on the I' — X line, while the mBJ calcula-
tions, shown in the bottom panel, suggest either slightly
touching bands or a gapped structure, see the discussion
below. Finally, from the band structures, the spectra
of interband o (v) were calculated and compared to our
experimental results.

In the left-hand panels of Fig. 4 the results of our
Drude-Lorentz fits are presented for both samples at
10 K. The experimental spectra can be decomposed into
inter- and intraband portions of the electronic response
(plus the four sharp phonon peaks mentioned above).
The interband contributions are fitted with a number of

TABLE II. Eigenfrequencies (in cm™") of the observed trans-
verse infrared-active phonons in SrSiz at 10 and 295 K. The
accuracy is within 1 em™'. The values for both samples co-

incide within this accuracy.

T (K)‘ Phonon 1‘ Phonon 2‘ Phonon 3‘ Phonon 4
10 99 138 208 275
295 99 137 205 271

Lorentzians. We note that in many systems, the intra-
band conductivity is not represented by a single Drude
term, but can effectively be expressed as a sum of one
Drude and one finite-frequency Lorentzian component,
the latter representing localized carriers. Keeping in
mind the polycrystalline structure of our samples, we
ascribed the Lorentzian with the lowest eigenfrequency
to such a free-carriers mode. Ascribing this Lorentzian
to low-energy interband transitions can not be fully ex-
cluded. This choice, however, will not change any conclu-
sions drawn below from the comparison of our experiment
and the DFT-based conductivity.

Fig. 4(c) demonstrate this comparison. For both sam-
ples, we show the interband portion of the 10-K-data fit
and interband conductivities calculated from the three
band structures of Fig. 3. It is immediately clear that
the LDA and PBE calculations do not reproduce the ex-
periment even on a qualitative level. The huge peaks
in 01(v) predicted by these calculations at around 100
meV are not observed experimentally. Instead, the mea-
sured spectra are rather flat here, demonstrating only a
very modest increase with increasing frequency. Same
gentle slope is present in the calculations based on the
mBJ band structure, see the magenta and purple curves
in Fig. 4(c). Over the entire frequency window of our ex-
periment, the mBJ curves follow the experimental inter-
band o1 (v) quite well. We note that from our experience
as well as from the available literature, one cannot expect
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FIG. 3. Band structures of SrSis calculated using different
approximations for the exchange-correlation potential, as in-
dicated. Experimental lattice parameter of a = 6.535 A is
used [23].
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FIG. 4. (a, b) Experimental conductivity spectra and their Drude-Lorentz fits at 10 K for both samples. (c) Interband part
of the experimental conductivity for both samples and the conductivity spectra calculated using three different exchange-
correlation functionals (LDA, PBE, mBJ). The increased conductivity above ~ 0.5 €V is due to transitions involving multiple
(non-parabolic) bands present at higher energies, see Fig. 3. (d) Band structures in the vicinity of the possible band crossing
obtained within the mBJ calculations for two lattice parameters a.

a perfect match between calculated and measured o1 (v),
see, e.g., Ref. 15. We found that the best match between
the experimental interband conductivity and the calcula-
tions is achieved, if we increase the lattice parameter a by
1.2%, from 6.535 to 6.615 A. Band structures in the vicin-
ity of the possible band crossing are shown in Fig. 4(d)
for these two cases. One can see from Fig. 4(c) that the
slope of a1 (v) between 400 and 3000 cm~! is much bet-
ter reproduced with the expanded lattice parameter than
with the experimental one. It tells us that the bands do
not cross and gives a very sensitive probe of the band
structure in this region. The band structure calculated
with the expanded lattice parameter corresponds to the
optical gap of 35 meV. Note that this is the direct gap;
the indirect gap is as low as 1 meV. The Fermi energy is
slightly below the valence band maximum, resulting in a
small number of carriers at low temperatures, consistent
with the metallic dc resistivity at 7" — 0, see Fig. 1(b).
This location of the Fermi energy is consistent with re-
cent photoemission [6] and transport [8] measurements.

No adjustment of the Fermi-level position for the optical-
conductivity calculations was made.

By inspecting the conductivity curves shown in Figs. 2
and 4, we can provide a direct experimental estimate of
the optical (direct) band gap in SrSis: in both samples,
the gap can be estimated as roughly 300 cm~' or ~ 40
meV. This value is in good agreement with our mBJ gap,
but smaller than the recent ARPES result (100 meV) ob-
tained on a single crystal [5]. The gap, obtained from the
recent transport measurements and the band-structure
calculations based on the Heyd—Scuseria—Ernzerhof func-
tional for the samples similar to ours, is in between of
these two values (62 meV) [8]. We conclude that all re-
cent reports agree on two points: the band structure of
SrSi, is gapped and the gap is small, below at least 100
meV.

Earlier DFT studies were inconclusive regarding the
presence of the band gap in SrSi; and the size of this
possible band gap. Such discrepancies are partially due
to the fact that the valence and conduction band may



overlap only in the narrow region of the Brillouin zone,
along the I'-X direction, whereas an indirect gap is always
present along I'-M and I'-R. Additionally, the choice of
the DFT functionals affects the positions of the valence
and conduction bands. The spurious metallic band struc-
ture of SrSis is obtained with the standard LDA and PBE
functionals. Therefore, the use of a non-local or hybrid
functional is essential for an accurate treatment of the
narrow-gap materials such as SrSis.

CONCLUSIONS

Summarizing, we performed broadband optical-
conductivity measurements of cubic SrSi; at ambi-
ent pressure and DFT-based band-structure calculations
with different exchange-correlation potentials. From the
obtained band structures, interband optical conductivity
was calculated and compared to the experiment. The
comparison shows that the spectra obtained within the
mBJ calculations provide reasonable match to the exper-
imental data, while the LDA- and PBE-based spectra do
not fit the data at all. Thus, these two approximations
can be considered as less relevant for SrSis and the band
structures with crossing electronic bands obtained within
these approximations are unlikely to be realized in SrSis
at ambient pressure. The band structure obtained us-
ing the mBJ potential does not predict measurable Weyl
bands. This provides another evidence for SrSis; being
a narrow-gap semiconductor. From the measured spec-
tra and the mBJ-based optical-conductivity calculations,
the direct optical gap in SrSis can be estimated as 35-40
meV at ambient pressure. We finally note that possible
WSM state induced by external pressure is discussed in
recent theoretical [29, 30] and experimental [6] studies of
SI‘SiQ.
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